ABSTRACT. Serum cytokine profiles were analyzed before and after infection in children with hemopathy in the bone marrow inhibition phase to explore the utility of cytokine variations for detecting infections. Serum Th1/Th2 cytokine levels, including tumor necrosis factor, interleukin (IL)-2, IL-4, IL-6, IL-10, and interferon, were quantitatively determined by cytometric bead array technology in 480 cases (230 children) of children with hemopathy in the bone marrow inhibition phase with signs of infection, such as fever, and without, to establish baseline and affected levels for comparison with healthy control children. We used the cytokine profile of infected, blood culture-positive children to establish a bacterial infection-related cytokine profile (BIRCP) for Usefulness of BIRCP in monitoring pathogen infections predicting infections by pathogens in blood culture-negative children. Overall, 82.9% of children with Gram-negative bacterial infections were accompanied by marked increases of IL-6 and IL-10 levels [>10 times (means ± SD)], whereas only a mild increase of IL-6 levels occurred in Gram-positive bacteria-infected children [>2 times (means ± SD)] and only a mild increase of IFN-γ levels occurred in fungal culturepositive children [>2 times (means ± SD)]. Gram-positive bacterial and fungal infections did not cause a marked increase in IL-6 or IL-10 levels. The effective rate (86.05%, N = 43) of infectious cases predicted by BIRCP was significantly higher than that obtained using traditional methods for selecting antibiotics based on clinical indications (65.45%, N = 55, P < 0.05). In summary, BIRCP can be used to predict the infections by pathogens in children with hemopathy and to select appropriate antibiotics.
INTRODUCTION
When children with hemopathy are in the bone marrow inhibition phase, owing to chemotherapy and other factors, their white blood cell count is extremely low and their absolute neutrophil count is less than 1000/μL, making them extremely susceptible to nosocomial infection (Simon et al., 2005; Mendes et al., 2007) . Until recently, infection has been the leading cause of death in hemopathy patients (Mendes et al., 2007) .
Infection can be diagnosed based on fever, rash, toxic symptoms, localized infection symptoms, and clinical signs, as well as from the results of general laboratory examinations [such as routine blood tests, C-reactive protein (CRP) levels, or chest X-rays] or specific pathogen examination (such as blood cultures, immune antigen detection, and antibody levels). In the phase of bone marrow suppression, the number of white blood cells, especially neutrophils, are extremely low in children with hemopathy, but often no other obvious phenomenon is present. In addition, CRP levels are generally elevated during infectious and noninfectious fever (von Lilienfeld-Toal et al., 2004) , but are also affected by colony stimulating factor drugs (Park et al., 2008; Ikonomidis et al., 2008) . Therefore, routine blood tests and CRP measurements have poor sensitivity and specificity for these cases. A further complication is that the rates of pathogen isolation and culture are extremely low in these cases. Children are often given empirical treatments that include broad-spectrum antibiotics in the absence of an etiological basis Lehrnbecher and Laws, 2005) , which depends on the clinical experience and diagnostic expertise of individual clinicians. This setting could easily lead to the abuse of antibiotics, causing the emergence of drug-resistant strains and increasing the physical and economic burdens on these patients (Simon et al., 2005) .
Cytokines are a class of minor polypeptides secreted by a variety of cells that can regulate cell growth and differentiation, modulate immune function, and participate in inflammation and wound healing. Bacteria, viruses, and other microbes can stimulate the production of cytokines, which can induce other cells and cytokines to be involved in the inflammatory response through a chain reaction. Serum concentrations of many cytokines, including interleukin (IL)-2, IL-4, IL-6, IL-10, tumor necrosis factor (TNF)-α, and interferon (IFN)-γ, usually change soon after infection and before CRP levels increase (Roitt et al., 2001) . Cytometric bead array (CBA) technology is currently used in our hospital to measure cytokine concentrations, which has the advantages of requiring less serum, offering many cytokines to measure, allowing faster processing, having a lower error rate and cost, demanding less labor, and yielding a larger detection range compared to the traditional enzyme-linked immunosorbent assay (ELISA) method (Tárnok et al., 2003) . Correlation coefficients for these methods are >90% (Tárnok et al., 2003; Martins et al., 2003) . These advantages make the rapid determination of cytokines by CBA feasible.
To date, there have been many studies on the detection of single cytokines to sensitively detect the early stages of infection (Diepold et al., 2008) , as well as to assist in generating infection prognoses (Martins et al., 2003) . There have also been some studies conducted on single cytokines to predict pathogen infections, but few have used multi-cytokine profiling to monitor for infection. In this study, the changes in cytokine profiles from before and after infection in children with hemopathy in the bone marrow inhibition phase were analyzed to explore the utility of using this method to detect characteristics of infection and to provide a basis for the rational use of antibiotics based on clinical CBA profiling.
MATERIAL AND METHODS

Subjects
Our patient cohort included 230 children with fever or other symptoms of infection who were in the bone marrow inhibition phase (neutrophil absolute count <1000/mL) from January 2005 to July 2008 in the Hematology Department of our hospital. Our cohort included 153 males and 77 females, ranging from 13 months to 14 years old (median age, 7.2 years old). A baseline was established based on the cytokine levels in non-infected children. A total of 480 cases with obvious nosocomial infection symptoms, such as fever and cough, in the bone marrow inhibition phase during hemopathy treatment were classified as the case group, and 250 children who underwent a physical examination served as the healthy control group. This study was conducted in accordance with the Declaration of Helsinki and with the approval of the Ethics Committee of the Children's Hospital Affiliated with Zhejiang University School of Medicine. Written informed consent was obtained from all participants.
Normal cytokine measurements
We obtained serum from 230 children with hemopathy who had a non-infected status from January 2005 to July 2008 in the Hematology Department of our hospital, and then measured the serum cytokines levels of TNF-α, IL-2, IL-4, IL-6, IL-10, and IFN-γ. A baseline range of serum cytokine levels in children with hemopathy was established using these data. Serum from 250 healthy children who underwent a physical examination served as the healthy control group, allowing us to determine whether there was any change in cytokine levels between non-infected children with hemopathy and healthy children.
Serum preparation
There were 480 instances of fever or other infection symptoms in the 230 children who were in the bone marrow inhibition phase during treatment. We took 1 mL peripheral blood samples within 24 h after infection and again 24 h later, and naturally coagulated the blood without anticoagulant. Serum cytokine levels were determined, as well as the CRP levels and blood cultures.
Serum cytokine measurements
We transferred 1 mL venous blood into test tubes for each sample and centrifuged tubes after coagulation at 1000 g for 20 min at 20°C. The supernatant was stored at 2-8°C within 12 h. The CBA Human Th1/Th2 Cytokine Kit II (BD Biosciences; San Jose, CA, USA) was used to determine serum TNF-α, IL-2, IL-4, IL-6, IL-10, and IFN-γ levels following the manufacturer protocol. In brief, the CBA technique was based on the fluorescence intensity of six different microspheres, which were linked to specific capture antibodies for TNF-α, IL-2, IL-4, IL-6, IL-10, or IFN-γ. The fluorescent dye with the longest fluorescence emission wavelength (~650 nm or "FL-3") could be determined using flow cytometry (FCM). The cytokine capture beads were mixed with the detection antibody that was linked to phycoerythrin (PE) and then incubated together with either the recombinant standards or test samples to form a sandwich-type complex. The sample data were acquired using a FACSCalibur flow cytometer (Becton Dickinson; San Jose, CA, USA) and the results were analyzed using the BD CBA software (BD Biosciences) in graphical or tabular form. Six standard curves (range, 0-5000 pg/mL) were generated, as well as the measurements of the six cytokines in the test samples. The minimum and maximum limit of detection for the six cytokines was 1.0 and 5000 pg/mL, respectively.
Definitions and analytical methods used for observation indexes
The baseline ranges of IL-2, IL-4, IL-6, IL-10, TNF-α, and IFN-γ serum cytokine levels (reported as mean ± SD) were determined using data from the routine measurement of cytokines in 230 cases without symptoms of infection. We tested 480 cases of infection to determine the levels of cytokines within 24 h after infection. When the value measured increased >2 times (± SD) and <10 times (± SD), it was classified as a mild increase, and when it increased >10 times (± SD), it was classified as a high increase. The cytokine levels were again measured after infection 24 h later, and levels <2 times (± SD) were considered to have either normalized by 2 times (± SD) or not. CRP levels >8 mg/L were considered to have increased. Reduction in fever and improved clinical symptoms after antibiotic treatment for 72 h were considered to indicate effective treatments.
Data from 480 cases with infection were analyzed to establish three analysis groups that included: 1) CRP levels, blood culture, and serum cytokine levels within 24 h, at 48 h after infection, and at 24 h after infection control were compared, as well as the sensitivity of the three infection indexes; 2) among 56 confirmed culture-positive children, we analyzed the changes in cytokine levels when Gram-positive bacterial, Gram-negative bacterial, or fungal infection occurred to establish the Gram-positive and Gram-negative bacterial infection-related cytokine profiles (Gram-positive or Gram-negative BIRCP); 3) we diagnosed 43 blood culture-negative children as bacteria-infected using Gram-positive and Gram-negative BIRCP, and we administered appropriate antibiotics accordingly. There were an additional 55 cases of antibiotic treatment chosen based on clinical findings instead of BIRCP. The efficiency rates were compared between the two treatment groups, which were also compared with the multiple-coverage treatment groups. 
Statistical analyses
Data are reported as (means ± SD) and the chi-squared test was used to compare intra-and inter-group differences. Instances where P < 0.05 were considered to be statistically significant differences. The reference value was determined by two-sided confidence intervals with α = 0.05 as the level of a statistically significant difference.
RESULTS
Baseline cytokine levels
We routinely measured cytokine levels in 230 cases of children with hemopathy without symptoms of infection to establish the initial serum cytokine levels before chemotherapy, with baseline ranges of: IL-2, 5.94 ± 1.12; IL-4, 2.16 ± 1.48; IL-6, 12.16 ± 3.86; IL-10, 3.85 ± 1.27; TNF-α, 4.78 ± 1.20; and IFN-γ, 15.07 ± 4.02 pg/mL.
The serum from 250 cases of healthy children without infection who underwent physical examination were classified as healthy controls, with the following baseline levels of serum cytokines: IL-2, 5.76 ± 1.04; IL-4, 2.37 ± 1.61; IL-6, 11.48 ± 3.96; IL-10, 4.03 ± 1.42; TNF-α, 4.96 ± 1.48; and IFN-γ, 14.48 ± 5.11 pg/mL.
Where N > 50 for these two data sets, differences in cytokine levels between groups were measured using the U-test with α = 0.05: IL-2, U = 1.826, P > 0.05; IL-4, U = 1.489, P > 0.1; IL-6, U = 1.904, P > 0.05; IL-10, U = 1.466, P > 0.1; TNF-α, U = 1.469, P > 0.1; and IFN-γ U = 1.412, P > 0.1. Our data analysis showed that there was no statistical significance at α = 0.05, indicating that there was no statistically significant difference in the baseline levels of cytokines between uninfected children with hemopathy before chemotherapy and healthy children who underwent physical examination.
Cytokine measurements
The median (and range) of the cytokine level measurements were as follows: IL-2, 6.02 (1.12-76.23); IL-4, 1.67 (<1.0-50.58); IL-6, 3787.7 (12.38-5000+); IL-10, 394.2 (3.24-5000+); ) pg/mL (Table 1, Figure 1 ).
For IL-2 (baseline level, 5.94 ± 1.04 pg/mL), there were 20 cases (4.17%) over the baseline level, wherein, 2 cases (0.42%) were >(means ± SD), 14 cases (2.92%) were >2 times (means ± SD), and 4 cases (0.83%) were >10 times (means ± SD).
For IL-4 (baseline level, 2.16 ± 1.48 pg/mL), there were 47 cases (9.79%) over the baseline level, wherein, 7 cases (1.46%) were >(means ± SD), 34 cases (4.58%) >2 times (means ± SD), and 6 cases (1.25%) were >10 times (means ± SD).
For IL-6 (baseline level, 12.16 ± 3.86 pg/mL), there were 465 cases (96.87%) over the baseline level, wherein, 18 cases (3.75%) were >(means ± SD), 22 cases (4.58%) were >2 times (means ± SD), and 425 cases (88.54%) were >10 times (means ± SD).
For IL-10 (baseline level, 3.85 ± 1.27 pg/mL), there were 428 cases (89.17%) over the baseline level, wherein, 25 cases (5.21%) were > (means ± SD), 29 cases (6.04%) were >2 times (means ± SD), and 374 cases (77.92%) were >10 times (means ± SD).
For TNF-α (baseline level, 4.78 ± 1.20 pg/mL), there were 100 cases (20.83%) over the baseline level, wherein, 8 cases (1.67%) were >(means ± SD), 61 cases (12.71%) were >2 times (means ± SD), and 10 cases (6.45%) were >10 times (means ± SD). For IFN-γ (baseline level, 15.07 ± 4.02 pg/mL), there were 282 cases (58.75%) over the baseline level, wherein, 48 cases (10.0%)>(means ± SD), 221 cases (46.04%) were >2 times (means ± SD), and 13 cases (2.71%) were >10 times (means ± SD). 
Variation of cytokine levels, CRP levels, and blood culture indicators
We found that within 24 h after infection (before cases became blood culture-positive), 93.3% of cases showed increased cytokine levels, but only 26.7% of cases showed increased CRP levels. At 48 h after infection (cases were not yet blood culture-positive), 90.8% of cases showed increased CRP levels. At 24 h following indications of infection control, the cytokine normalization rate was 97.3%, but the CRP normalization rate was only 12.7%. There were a total of 56 culture-positive children who later became culture-negative. Our results showed that the sensitivity of cytokine detection in the early stage (within 24 h) of infection was higher than that of CRP or blood culture, and that cytokine levels gave a better indication of whether an infection was under control than did CRP levels. In 480 cases with fever or other symptoms of infection, there were 56 cases (11.67%) with blood culture-positive infections and 424 cases (88.33%) of blood culture-negative suspected infections. Among the blood culturepositive cases, there were 8 cases (1.67%) of Gram-positive bacteria, 42 cases (8.75%) of Gram-negative bacteria, and 6 cases (1.25%) of fungus infection.
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Establishment of BIRCP parameters
We used 56 confirmed culture-positive cases to determine Gram-negative and Grampositive BIRCP (Table 2, Figure 2 ) parameters. We classified the changes in cytokine levels measured in these cases within 24 h after infection, defining values >2 times (means ± SD) as mild increases and >10 times (means ± SD) as high increases. The cytokines listed in Table 2 were measured using R x C contingency table chi-squared inspection (for example, the intra-group analysis of IL-6, c 2 = 37.26, P < 0.05) to test for statistically significant differences. Our results showed that the Gram-negative bacteria group showed a statistically significant increase of IL-6 and IL-10 levels (P < 0.05) and no statistically significant change in IL-2, IL-4, TNF-α, or IFN-γ levels (P > 0.05), indicating that IL-6 and IL-10 levels significantly increased in Gram-negative bacterial infections (wherein, 5.13% of cases had a mild increase and 94.87% of cases had a high increase of IL-6, and 7.89% of cases had a mild increase and 92.11% of cases had a high increase of IL-10), with most cases showing a high increase [>10 times (means ± SD]. Based on our data, there was only a mild increase of IL-6 >2 times (means ± SD) and <10 times (means ± SD), but no obvious change in IL-10 or IFN-γ levels in Gram-positive bacteria-infected children, and only a mild increase of IFN-γ levels [>2 times (means ± SD), <10 times (means ± SD)], but no obvious change in IL-6 or IL-10 levels in fungus-infected children. Therefore, the simultaneous high increase of IL-6 and IL-10 [>10 times (means ± SD)], as well as the lack of significant changes [<2 times (means ± SD)] in IL-2, IL-4, and TNF-α levels were defined as the Gramnegative BIRCP, while a mild increase of IL-6 levels [>2 times (means ± SD), <10 times (means ± SD)], as well as the lack of significant changes [<2 times (means ± SD)] in IL-2, IL-4, IL-10, TNF-α and IFN-γ levels were defined as the Gram-positive BIRCP. Due to the small number of confirmed fungal infections, we did not establish a Fungal Infection-Related Cytokine Profile. 
General data
Among 424 cases of infection in blood culture-negative children, 55 cases presented skin infection, catheter infection, chills, or circulatory failure, and were later found to have been infected with identifiable pathogens. These cases were given appropriate antibiotics based on their clinical signs and BIRCP (including 12 cases of Gram-positive bacteria and 43 cases of Gram-negative bacteria). We diagnosed 43 cases of infection by cytokine level changes and gave these patients antibiotics based on their Gram-negative or Gram-positive BIRCP (includ-ing 8 cases of Gram-positive bacteria infection who were given vancomycin treatment and 35 cases of Gram-negative bacteria infection who were given sulperazone treatment). The other 326 cases were given a multiple-coverage therapy consisting of broad-spectrum antibiotics (carbopenems + sulperazone + vancomycin) + antifungal (fluconazole) + antiviral (ganciclovir). Table 3 shows that patient clinical conditions improved after treatment with antibiotics for 72 h. Terms "1" and "2" in Table 3 were measured using the R x C chi-squared test with χ 2 = 4.356 and 0.025 < P < 0.05, which indicated that the efficiency rate in the BIRCP treatment group was greater than that in the clinical experience group, based on a statistical significance at α = 0.05. Terms "1" and "3" in Table 3 were measured using the R x C chi-squared test with χ 2 = 0.398, 0.5 < P < 0.75, which was considered as no significance difference between the BIRCP group compared with the broad-spectrum coverage group (P > 0.05) according to α = 0.05. These data indicate that the effective rate (86.05%) in children using Gram-positive and Gram-negative BIRCP to predict infectious agents and guide the use of antibiotics was significantly higher than that obtained when using clinical experience to select antibiotics (65.45%, P < 0.05) and was almost equivalent (89.26%, P > 0.5) to the use of broad-spectrum antimicrobial + antifungal + antiviral multiple-coverage therapy. The antibiotics selected using the BIRCP method caused less physical side effects and were more cost effective. Table 3 . Comparison of efficacies in clinical treatment groups. BIRCP = bacterial infection-related cytokine profile. *VS **P < 0.05; *VS ***P > 0.05; **VS ***P < 0.05.
DISCUSSION
Secondary nosocomial infection frequently occurs in children with hemopathy in the bone marrow inhibition phase. Infectious agents include bacteria, viruses, and fungi, among which Gram-negative bacteria are the most common (Wang et al., 2008; Bakhshi et al., 2008) . When the specific pathogen or source cannot be identified, a broad-spectrum antibiotic is given, based on clinical experiences that have become the gold standard in the treatment of fever in pediatric tumor cases with granulocytopenia Lehrnbecher and Laws, 2005) . This method might lead to a higher treatment cost, waste of medical resources, and favor the development of antibiotic resistance (Simon et al., 2005) . Therefore, methods to track the occurrence of infection symptoms in such patients are needed.
Many studies reported that cytokine profiles offer a sensitive index that can be measured early after bacterial infection and that plasma cytokine levels were well correlated to disease progression and prognosis (Tavares et al., 2005; Diepold et al., 2008; Ventetuolo and Levy, 2008) and could also be used to predict the mortality rate of septic shock (de Pablo et al., 2011) . Previous studies reported that a single cytokine, such as IL-10, could predict Gram-negative versus Gram-positive bacterial infections, predicting Gram-negative bacterial sepsis (Spasova et al., 2005) . In vitro studies also found a significant increase in IL-18 levels with Gram-positive bacterial infection (Feezor et al., 2003) , but few studies have used Th1/Th2 cytokine profiles to predict infections by pathogens.
Statistical analysis of our data showed that certain cytokines increased within 24 h after infection in children with hemopathy in the bone marrow inhibition phase, which would normalize 24 h later, indicating that these cytokines faithfully indicated the status of the corresponding bacterial infection. The sensitivity of cytokine detection early after infection was greater than that of CRP levels or blood culture, and the cytokine profiles during infection gave a better indication of the infection control state than could CRP levels.
We found that 82.9% of Gram-negative bacterium-infected children showed IL-6 and IL-10 levels that were highly increased [>10 times (means ± SD)]; Gram-positive bacteriainfected children showed only a mild increase of IL-6 levels [>2 times (means ± SD)], and fungus-infected children showed only a mild increase of IFN-γ levels [>2 times (means ± SD)], but not IL-6 or IL-10. Other studies, conducted in China and elsewhere, suggested that Grampositive bacterial and fungal infections could cause a mild increase in IL-6 levels (Lehrnbecher et al., 1999) , whereas viral infection could cause an increase in IFN-γ (Sutejo et al., 2012) , but not in IL-6 or IL-10 levels (Engervall et al., 1995) . Therefore, in this study, the high increases of IL-6 and IL-10 levels [>10 times (means ± SD)] in infected children could be considered to indicate Gram-negative bacterial infection. The treatment of children using Gram-positive and Gram-negative BIRCP forecasting of pathogen infections to guide the use of antibiotics was clearly more effective than drug selection based on clinical experience, and showed efficiency rates similar to multiple-coverage therapy with broad-spectrum antibiotics.
For children with hemopathy in the phase of bone marrow inhibition, fever is usually the only indication of infection, which is non-specific. The malignant disease and strong chemotherapy regimens impair immunity to infection in children with hemopathy. Once febrile children were given empirically chosen broad-spectrum antibiotics, the treatment cost and chances for drug resistance to emerge were reduced. Cytokines represent inflammatory markers that are produced soon after bacterial infections. They can reflect the nature of immunological suppression in children with fever, and thereby guide effective antibiotic selection and reduce the risk of death from nosocomial infection, as well as save costs and reduce the occurrence of bacterial resistance.
Nevertheless, although the use of BIRCP might robustly predict pathogen infection in children with hemopathy in the bone marrow inhibition phase, this method could not predict infections with 100% accuracy. Therefore, other potential concurrent pathogenic factors or polyinfection might have been occurring in some cases. For such cases, other modes of pathogenesis should be actively sought, and when necessary, the cytokine measurements should be repeated and the profiles used to adjust treatment regimens.
